Abstract: An ultraviolet photoelectron (PE) spectrometer apparatus that utilizes a tuneable 50 W CW CO 2 laser as a directed heat source was used to study the vacuum pyrolysis of diazoacetophenone (1a) and its p-methyl, p-methoxy, p-chloro, and p-nitro analogues 1b, 1c, 1d, and 1e. Analysis of the pyrolysate with He(I) ultraviolet PE spectroscopy shows that at a laser power level of 26 W (500 ± 50°C) 1a, 1b, 1c, and 1d, cleanly yield the corresponding phenylketenes 2a, 2b, 2c, and 2d, respectively, the products of the Wolff rearrangement of the incipient ketocarbenes. Of this group of highly reactive ketenes, which cannot be isolated in the condensed phase at ambient temperature, only 2a has been the subject of a previous PE spectroscopic study. But our work indicates that the sample of 2a prepared in the earlier study was impure. The low volatility of p-nitrodiazoacetophenone (1e) thwarted our attempts to generate 2e and obtain its spectrum. Calculations at semiempirical (AM1) and ab inito (HF/6-31G(d)) levels of theory established that the diazoacetophenones prefer to adopt twisted syn conformations. That the calculated ionization potentials (HAM/3 and Becke3LYP/6-31+G(d)//HF/6-31G(d)) of 1a-1d and the synthesized PE spectra of 1a, 1b, and 1c correlate well with the PE spectroscopic data supports this finding. Shifts observed in the three low-energy ionizations of ketenes 2b, 2c, and 2d induced by the para-substitution can be related to the character of the corresponding occupied molecular orbitals of phenylketene (2a).
To facilitate the preparation and detection of highly reactive transients in the gas phase, we developed a He(I) ultraviolet photoelectron (PE) spectrometer-CW CO 2 laser apparatus and used it successfully to study the vacuum pyrolysis of 6,6-dihalobicyclo[3.1.0]hexanes (1), 1,2,3-benzotriazines (2), 4-diazoisochroman-3-one (3), and 4-diazoisothiochroman-3-one (4), 11-oxatricyclo[6.2.1.0 2,7 ]-undeca-2,9-diene (5), and 2,2-dimethoxy-5,5-dimethyl-∆ 3 -1,3,4-oxadiazoline (6) . To widen our research in this field, we undertook a study of the vacuum pyrolysis of diazoacetophenone (1a), pmethyldiazoacetophenone (1b), p-methoxydiazoacetophenone (1c), p-chlorodiazoacetophenone (1d), and pnitrodiazoacetophenone (1e) that are potential precursors of ketocarbenes and the corresponding para-substituted phenylketenes, which are the Wolff rearrangement products (7) . Only a limited number of ketenes which cannot be isolated in the condensed phase at ambient temperature have been studied in the gas phase with PE spectroscopy (5, (8) (9) (10) (11) (12) (13) , and there is comparatively little experimental data available on the vacuum pyrolysis of α-diazocarbonyl compounds (see, for example, ref.14) in contrast to the large body of work that has been accumulated on the photochemistry of this class of compounds (14) (15) (16) (17) (18) (19) (20) (21) . Given that a wide variety of diazocarbonyl compounds can be synthesized (14) and, as our studies have shown, easily pyrolyzed in the gas phase, we expected PE spectroscopic and calculational studies to provide fundamental information on aspects of the electronic structure and reactivity of this group of compounds and the products derived from the incipient ketocarbenes (4, 5) . We undertook a study of 1a, 1b, 1c, 1d, and 1e specifically (i) to gain information about the nature of the frontier molecular orbitals (MOs), (ii) to study the conformational properties of these compounds in the gas phase, (iii) to establish whether our instrument is generally useful for preparing and studying ketenes in the gas phase (five new para-substituted phenylketenes were to be prepared), and (iv) to determine the effect of the para-substituents on the ionization potentials of 2a with the goal of characterizing its highest occupied molecular orbitals. This paper documents the results of a PE spectroscopic study of the pyrolysis of diazoacetophenones 1a, 1b, 1c, and 1d and a computational study of the conformational properties and molecular orbitals of this group of compounds, the nitro analogue 1e, and the corresponding ketenes (Scheme 1). 
Calculations
Calculations at the semiempirical level of theory were carried out with AM1 of HyperChem 4.0 (22), AMPAC 2.0 (23), or MOPAC 6.0 (24), with the latter two programs running on IBM RS/6000 model 320H, 350, and 530 computers. An RMS gradient of 0.02 was used to obtain optimized geometries with HyperChem 4.0, and the keyword PRECISE was used in the case of AMPAC and MOPAC calculations to tighten the convergence criteria. Ab initio HF (25) and Becke3LYP (26) calculations were carried out with GAUSSIAN 94 (27) running on IBM RS/6000 model 350, 530, 39H, and SP2 and SGI R10000 Impact computers. Optimized geometries were shown to be minima by frequency calculations; total energies are uncorrected for zero-point energies. The semiempirical method HAM/3 (28) was used to compute the ionization potentials. The acronyms HAM/3//AM1 and HAM/3//HF/6-31G(d) indicate that HAM/3 calculations were carried out on AM1 and HF/6-31G(d) optimized equilibrium geometries, respectively. Synthetic spectra were calculated from the MO results with a FOR-TRAN program PESPEC (29) . Spectra were synthesized from the 10 lowest IPs (HAM/3), with a Gaussian convolution of 0.4 and the temperature set at 300 K. Graphical representations of the computationally determined eigenvectors (AM1//HF/6-31G(d)) were plotted from HyperChem 4.0.
PE spectroscopic studies
The locally built PE spectrometer-CW CO 2 infrared laser apparatus (the laser is used as a directed heat source) employed in this study is described in our earlier publications (1-5). To obtain the PE spectra of the diazoacetophenones (1a, mp 51-52; 1b, mp 57-58; 1c, mp 87-88; 1d, mp 115-116; 1e, mp 116-117°C), which were prepared by established methods (30) , a 20 mg sample was placed in a bottleshaped quartz reaction vessel that was inserted into the tip of a heated probe. The temperature was slowly ramped up (a maximum temperature of 80°C was used) until a suitable source pressure in the region of (3 × 10 -3 )-(8 × 10 -3 ) Torr (1 Torr = 133.3 Pa) was obtained. In the case of 1b, 1c, and 1d, which exhibited low volatilities, N 2 was used as a pressure make-up gas to improve the signal to noise.
2 Consequently, vertical expansions of the spectra were required in the region of 8-15 eV.
Spectra were obtained by averaging 20-35 scans and calibrated with the 15.6 eV band of N 2 . Linearity of the scale was ensured through calibrations with methyl iodide (9.54 and 10.16 eV) and O 2 (12.30 eV) performed prior to the experiments. Vertical ionization potentials are accurate to ± 0.05 eV. Pyrolyses of the diazoacetophenones were carried out in a hot zone 1-2 mm in length obtained by focusing the laser beam (power levels of 26, 42, and 47 W were used) on the tip (2-3 mm inner diameter) of the bottle-shaped quartz sample vessel. Due to the very low volatility of 1e we were not able to obtain its spectrum and study its pyrolysis even in the presence of the pressure make-up gas. Hatched bands in the PE spectra are due to traces of H 2 O (12.6 eV) and a shadow peak (13.6 eV) of N 2 .
Calculations

Conformational properties of diazoacetophenones and phenylketenes
Figure 1(a) shows the AM1 optimized geometrical structures of the syn forms of 1a-1e. The gas-phase torsional potential energy surfaces of 1a, 1b, and 1c were calculated with AM1 by varying the NϭC-CϭO and phenyl-CϭO dihedral angles from 0°to 180°in 15°increments. At the AM1 level, 1a prefers a twisted syn rather than an anti conformation of the NϭC-CϭO group, and the conformer with the NϭC-CϭO and phenyl-CϭO dihedral angles fixed at 90°is the highest energy species. Because the potential energy surfaces of 1a-1c exhibit very similar topologies we report only the surface obtained for diazoacetophenone (1a) as Fig. 2 . That the surfaces of 1b and 1c (not shown) are virtually identical to the surface of 1a indicates that 1a, 1b, and 1c have similar conformational properties in the gas phase. That twisted syn conformers are the low-energy structures in the cases of 1d and 1e as well indicates that the diazoacetophenones which are the subject of this study prefer to adopt twisted syn conformations in the gas phase.
At the AM1 level, the twisted syn isomers of 1a-1e (the NϭC-CϭO twist angles are 4.1, 4.1, 4.3, 2.9, and 2.4°; the phenyl-CϭO dihedral angles are 31.6, 30.0, 31.3, 35.9, and 38.1°, respectively) are 11.08-12.38 kJ mol -1 lower in energy than the twisted anti isomers (Table 1) . The syn and anti isomers of 1a, 1b, and 1c were also studied at the HF/6-31G(d) level of theory. Selected geometrical parameters are collected in Table 2 , and the optimized equilibrium geometries of the syn isomers of 1a-1d are displayed in Fig. 1(b) . At the HF/6-31G(d) level, we find that the twisted syn isomers of 1a, 1b, and 1c are 16.88, 17.05, and 18.02 kJ mol -1 lower in energy than the twisted anti isomers, and the NϭC-CϭO and phenyl-CϭO twist angles are approximately one-half the values calculated with AM1 (Table 2 ). This is most likely a result of the fact that the ab initio calculations more accurately recover the stabilizing phenyl-CϭO-π interaction, which would act to decrease the twist angle. When the geometries of the syn and anti isomers of 1a were reoptimized -the geometries obtained with the default convergence limits were used as input -at the HF/6-31G(d) level of theory with the keyword TIGHT to tighten the convergence criteria, the total energies (E T s) obtained were identical within 10 -6 hartree to E T s calculated with the default convergence limits, and the geometries differed little from the input geometries (Table 2) . These results are in accord with published experimental data: 1,4-bisdiazo-2,3-butanedione adopts a bis-syn conformation in the solid state (32) , and variable-temperature solution 1 H NMR studies in the temperature range of +30 to -40°C showed that diazoketones of the type RCOCHN 2 (RϭH, CH 3 , C 2 H 5 , t-C 4 H 9 , C 6 H 5 CH 2 , CH 3 O, and C 2 H 5 O) adopt syn and anti conformations with the syn forms being preferred (33) . In the case of 1a, 1c, and 1e, single stereoisomers identified as the syn forms were detected down to -40°C, but NϭC-CϭO and phenyl-CϭO twist angles were not determined (33) .
Phenylketenes 2a-2e are found to adopt planar conformations with AM1, in accordance with previous findings for 2a (13) . This also holds at the ab initio level, 2a-2e are planar with HF/6-31G(d). The AM1 heats of formation and ab initio total energies of 2a-2e are listed in Table 1 . According to AM1, the 90°conformation of 2a is destabilized by 9.04 kJ mol -1 .
Ionization potentials
We have repeatedly demonstrated that the use of calculated ionization potentials (IPs) instead of orbital energies for the interpretation of PE spectra leads to excellent correlations between theory and experiment (2-4, 6, 34). This is especially important where a good agreement between absolute energy values is needed, as is the case for highly reactive or transient species which are generated in the PE spectrometer itself. The semiempirical HAM/3 method gives IPs directly, and both semiempirical and ab initio optimized geometries can be employed. The HAM/3//AM1 and HAM/3//HF/6-31G(d) results for diazoacetophenones 1a-1c are given in Table 3 . Although AM1 and HF/6-31G(d) geometries for 1a-1c are distinctly different, IP values from the two levels of theory differ little. We therefore report HAM/3//AM1 results only for phenylketenes 2a-2c. Because HAM/3 is not parameterized for chlorine, we also use the routine we developed in previous publications (6, 34) : orbital energies calculated with the hybrid HF/DFT Becke3LYP method 3 are shifted uniformly so that the HOMO energy equals that of the calculated first vertical ionization potential IP v . The IP v is determined from the energy difference between the neutral (N electrons) and its radical cation (N -1 electrons, geometry of the neutral) obtained using Becke3LYP/6-31+G(d)//HF/6-31G(d) (Table 4). Orbital energies and ionization potentials derived from the shift are reported in Table 3 for 1a-1d and 2a-2d. This level of theory is sufficient as could be concluded from virtually identical IP v s and orbital energies of 2a-2d obtained with Becke3LYP/6-31+G(d)//Becke3LYP/6-31+G(d) (not given).
Photoelectron spectroscopic studies
Experimental PE spectra
The spectrum of 1a (20 mg; source pressure 2.2 × 10 Table 3 , compare to experimental IPs in Table 5) give an equally good representation of both spectra and therefore support this. That there was no significant change in the spectrum of the pyrolysate (Fig. 3(c) ) and no CO (it exhibits a sharp band at 14.01 eV (39)) was formed when the laser power was increased from 26 W to 42 W (~850 ± 50°C) indicates that the loss of CO from 2a is subject to a high activation energy. 4 This observation is in keeping with the results of our previous calculational study (5) . The spectrum of 2a obtained in this study differs to some degree from the published spectrum of phenylketene that was prepared by the zinc-induced dechlorination of 2-chloro-2-phenylacetyl chloride (13) . While we find the relative areas of the first three bands to be 1:1:1 (Fig. 3(b) ) in line with HAM/3//AM1 and Becke3LYP/6-31+G(d)//HF/6-31G(d) ( Table 3 ) results, the relative areas of the first three bands of the previously published spectrum are approximately 1:2:1, an indication that phenylketene was not the sole product of the dechlorination reaction.
The spectrum of 1b (20 mg; probe temperature 65°C), obtained with nitrogen added as a make-up gas to maintain the total pressure in the source at 3 × 10 -3 Torr, is displayed along with the HAM/3//AM1 and HAM/3//HF/6-31G(d) IPs as Fig. 4(a) . Again, HAM/3 values mirror experimental IPs. Figure 4 (b) is a display of the spectrum of the pyrolysate of 1b obtained at a laser power of 26 W and the calculated IPs of ketene 2b. As in the case of the unsubstituted ketene 2a, the experimental IPs in this spectrum are accurately reproduced by the computed values for 2b, which shows that 1b cleanly yields p-methylphenylketene (2b). The IPs for 1b and 2b calculated using Becke3LYP (Table 3) agree with this finding. Figure 4 (c) displays the PE spectrum of the pyrolysate of 1b obtained at a laser power of 47 W (>900°C). That spectra in Figs. 4(b) and 4(c) are virtually identical and no CO is formed indicates that the activation energy for decarbonylating ketene 2b, as in the case of 2a, is significantly higher than the activation energy for loss of nitrogen from the respective diazoacetophenones. Figure 5 (a) displays the PE spectrum of 1c obtained at a probe temperature of 76°C along with its HAM/3//AM1 and HAM/3//HF/6-31G(d) IPs. As in the case of 1b, N 2 was used as a make-up gas to maintain the source pressure at 3 × 10 -3 Torr. HAM/3 once more correctly predicts the experimental spectrum. The spectra displayed as Figs. 5(b) and (c) were obtained when 1c was pyrolyzed at laser power levels of 26 and 42 W, respectively. These spectra show that 1c cleanly affords p-methoxyphenylketene (2c), which does not undergo pyrolysis at a nozzle-tip temperature in the region of 850 ± 50°C. Again, HAM/3 and Becke3LYP IPs for 1c and 2c do not differ much, which shows the validity of our Becke3LYP approach. Figure 6 (a) displays the PE spectrum of 1d obtained at a probe temperature of 55°C with N 2 added as a make-up gas to maintain the source pressure at 3 × 10 -3 Torr. Figures 6(b) and (c) display spectra of the pyrolysate of 1d obtained at laser power levels of 26 and 42 W, respectively. As HAM/3 is not parameterized for chlorine, Figs. 6(a) and (b) include the 10 lowest ionization potentials of 1d and 2d as calculated with Becke3LYP/6-31+G(d)//HF/6-31G(d) and described above. As expected from the encouraging results of the pyrolyses of 1a-1c with respect to this approach, the correlation between predicted spectra (vertical bars) and experimental spectra is excellent. These spectra show that 1d yields p-chlorophenylketene (2d), which also appears to be stable at a nozzle-tip temperature in the region of 850 ± 50°C. The spectrum in Fig. 6 (c) also exhibits a feature at 7.8 eV. A calculational study on p-chlorophenyloxirene, which is a second rearrangement product from the ketocarbene derived from 1d, at the Becke3LYP/6-31+G(d)//HF/6-31G(d) level of theory established that the five lowest IPs of this compound should be 7.5, 9.6, 9.9, 11.0, and 11.7 eV. While the calculated first IP for pchlorophenyloxirene is close to the first IP in the pyrolysis spectrum, at this point we cannot say with certainty whether it actually is a pyrolysis product of 1d. 5 The low volatility of 1e thwarted our attempts to obtain its spectrum and study its pyrolysis. Even heating a relatively large sample (40 mg) of 1e at 94°C near its melting point of 116°C in a 4 mm outer diameter tube inserted into the probe did not yield an acceptable spectrum. Selected experimental vertical ionization potentials of the diazoacetophenones 1a-1d and the corresponding ketenes are collected in Table 5 .
Synthesis of PE spectra
We have already demonstrated in several previous studies that PE spectra synthesized from torsional potential energy surfaces and the angle dependence of ab initio or semiempirical orbital energies as well as IPs calculated with HAM/3 using PESPEC correlate well with experimental spectra and can be used to obtain information about the conformational properties of molecules in the gas phase (29, (40) (41) (42) . Additional support for this finding is seen in the excellent correlation between the experimental spectrum of phenylketene (2a) given in Figs. 3(b) and (c) and the synthesized spectrum displayed as Fig. 7(a) . The synthetic spectrum of 2a (with a Gaussian convolution of 0.4, temperature is 300 K) was obtained from the AM1 potential energy surface for the rotation of the ketene group given in Fig. 7(b) and the angle dependence of the 10 lowest HAM/3//AM1 ionization potentials (not shown).
While Modelli et al. (31) do not offer an interpretation of the spectra of 1a, 1b, and 1d with respect to orbital interactions or conformational considerations, for 1a Vorob'ev et al. (43) report only weak π-π interactions both in the heterobutadiene group due to a large energy gap between interacting MOs and between diazo group and phenyl ring because of inefficient spatial overlap. Figure 8(a) is the PE spectrum of diazoacetophenone (1a) synthesized from the angle dependence of the HAM/3//AM1 IPs (not shown) and the AM1 potential energy surface displayed as Fig. 8(b) that corresponds to the 0-180°trajectory (the NϭC-CϭO dihedral angle is fixed at 0°) of Fig. 2 . The synthetic spectrum recovers the general features of the experimental spectrum. HF/6-31G(d) torsional potential ( Fig. 8(d) ) and the angular dependence of 10 HAM/3//HF/6-31G(d) IPs of which four are displayed in Fig. 8(e) . Even though the rotational barrier at this level of theory is substantially higher than the AM1 barrier and the twisted syn conformer is only marginally lower in energy than the planar structure, the synthetic spectrum closely resembles the one obtained from the AM1 potential energy surface. This result derives from the fact that the low-energy IPs show a low sensitivity to the twist angle in both cases, as can be seen in Fig. 8(e) . An explanation for this is given by the corresponding molecular orbitals (Fig. 9) , which show that phenyl and diazoketo groups are present as separate units that do not interact at this energy level, a fact that was hinted at by Vorob'ev et al. (43) .
According to Becke3LYP/6-31+G(d)//HF/6-31G(d), 6 the HOMO is a π-type orbital with coefficients mainly on the diazo group (π CϭN ), HOMO -1 is a σ-type orbital, which represents an oxygen lone pair (n O ), and HOMO -2 and HOMO -3 are mostly phenyl π-type MOs (π) with small coefficients on the oxygen atom. This orbital sequence is in accord with the one given by Modelli et al. (31) , while Vorob'ev et al. (43) give π CϭN > π > n O > π from MNDO calculations. Thus in 1a, which can be considered to be the parent of this class of compounds, the low lying occupied MOs of the carbonyl group effectively function as an insulator for phenyl and diazo moieties. Figure 10 (a) displays the synthetic spectrum of 1b obtained from the torsional potential obtained at the HF/6- (Fig. 10(b) ) and the HAM/3//HF/6-31G(d) IPs (not shown). The torsional dependence of the IPs as well as the corresponding molecular orbitals are similar to what we found for 1a. On the whole, the general features of the experimental spectrum are reproduced in the synthethic spectrum with reasonable accuracy even though there is baseline separation of one band from three overlapping bands. Figure 11(a) is the synthetic spectrum of 1c obtained from the AM1 potential energy surface shown as Fig. 11(b) . While the general features of band structure correlate with the PE spectrum, the relative intensities of the peaks of the low-IP band are at variance with the experimental data. On the other hand, the synthetic spectrum of 1c (Fig. 11(c) ) obtained from the HF/6-31G(d) torsional potential ( Fig. 11(d) ) and the angular dependence of 10 HAM/3//HF/6-31G(d) ionization potentials of which four are displayed in Fig. 11(e) closely resembles the experimental spectrum. In contrast to 1a and 1b, the HOMO of 1c is a phenyl π-type orbital that is raised in energy above the π CϭN because of a substantial coefficent on the methoxy oxygen atom. This antibonding combination (π -) is followed by π CϭN, n O , π, and the corresponding bonding combination (π + ). As a consequence of this change in orbital sequence a phenyl π-type orbital (π -) and the π CϭN are closer in energy in 1c than the respective orbitals in 1a, which results in electron density on the diazo group being mixed into the HOMO of 1c. Despite the presence of electron density on diazo group and aromatic ring, it is clear from Fig. 11(e) that the rotation of the ring does not affect the HOMO energy significantly, which again shows the insulating effect of the low-lying carbonyl orbitals. Our study shows that when compared to spectra synthesized on the basis of torsional potentials obtained at the HF/6-31G(d) level, experimental PE spectra provide support that diazoacetophenones 1a-1d prefer twisted syn conformations in the gas phase. Figure 12 displays the HOMO, HOMO -1, and HOMO -2 of phenylketene (2a) obtained at the AM1//HF/6-31G(d) level. The HOMO is a π-type MO characterized by substantial antibonding mixing of the ketene and phenyl π systems, with the latter exhibiting a large p z coefficient at C-4. The HOMO -1 is a pure phenyl π-type MO, which does not mix with the ketene π system and which has no p z component at C-4. The HOMO -2 is the bonding π-type MO that, like the HOMO, has contributions from the ketene and phenyl groups. Nevertheless, it has a larger p z coefficient at C-4 than the HOMO. The nature of these frontier MOs indicates that the HOMO and HOMO -2 should be affected more strongly than HOMO -1 by para-substituents, which interact with the phenyl ring via π conjugation. That this is the case is seen in the PE spectra of 2a (Figs. 3(b) and (c)), 2b (Figs. 4(b) and (c)), and 2c (Figs. 5(b) and (c)), and the data in Table 5 , which clearly show that HOMO and HOMO -2 are destabilized by the introduction of π donors at C-4. That HOMO -2 appears to be more sensitive to substitution at C-4 is a consequence of the size of the p z component at C-4 and its proximity in energy to the other filled orbitals of lower energy with which it interacts.
31G(d) level
Substituent effects on ionization potentials of phenylketenes
The gas-phase thermolysis of diazoacetophenones 1a-1d at a laser power level of 26 W (500 ± 50°C) gave the corresponding phenylketenes 2a-2d, which do not decompose at higher laser power levels. A comparison of our PE spectrum of 2a with the one published earlier indicates that the sample prepared in the previous study was impure. The low volatility of 1e made the recording of its PE spectrum and the generation of 2e impossible. According to AM1 and HF/6-31G(d) calculations, diazoacetophenones prefer twisted syn conformations in the gas phase. This is supported by excellent correlations between calculated ionization potentials of 1a-1d at the HAM/3 and Becke3LYP/6-31+G(d)//HF/6-31G(d) levels of theory as well as simulated PE spectra of 1a-1c and experimental spectra.
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